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ABSTRACT 
 
 
In many countries, past large-scale blackouts were caused by voltage instability phenomenon 
and it is of prime importance to enhance the voltage stability to realize stable power supply. 
At initial, sort of estimation approach using the artificial neural network (ANN) for a pre-
defined solution in the real practical power system is discussed in the investigation with 
distributed generators (DG) participation. Next, this thesis presents a methodology to 
increase loading margin (LM) in terms of voltage stability by using reactive power support 
of DG, in particular photovoltaic (PV), considering the operating limits of power system 
components such as generators. The proposed method is based on optimal active and reactive 
power dispatch from DGs under normal and contingency conditions. Here, a trade-off 
relationship between reactive power injection and active power curtailment was carefully 
considered in optimizing the DG’s contributions. The proposed method is based on Particle 
Swarm Optimization and its effectiveness was verified in Malaysian Electric Power System 
(MEPS) model along with constant power loads. It was observed through simulation results 
that optimal reactive power injection from DGs improved the maximum loading under the 
voltage stability constraint. 
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CHAPTER 1 
 
 
INTRODUCTION 
 
1.1 Research Background 
 
Voltage stability often becomes a dominant constraint to determine maximum 
sending power in power systems. Because of the nonlinearity of power equation, the 
relationship between sending active power and voltage at receiving end is represented as P-
V curve shown in Fig.1. Supposing that voltage characteristic of the load is modelled as 
constant power, the top of this curve becomes the stability limit at which the operating point 
turns into unstable. Here, the distance between this stability limit and the current operating 
point is defined as loading margin (LM) in this paper. Because this curve is shortened by 
faults on transmission lines, system operators have to carefully keep sufficient amount of LM 
considering the unpredicted fluctuation of loads in order to avoid voltage collapse.  
 
The size of this curve also depends on the power factor of load, and it is possible to 
enlarge the curve, for example from solid curve to dotted one in Fig.1, by injecting the 
reactive power at receiving end. Namely, it is essential to maintain a proper balance of 
reactive power in power systems, and dispatch methods of reactive power among multiple 
synchronous generators have been studied with considerations of power factor 
constraint(1)(2)(3)(4)(5). Furthermore, deployment of tap-changers and reactive power 
compensators has been conventionally used to improve the voltage stability. Based on these 
ideas, advanced control methods to effectively realize the coordination between them have 
been developed so far(6). However, many countries still experienced large-scale blackouts 
these days due to voltage stability issue. In (7)(8)(9), it was shown that maximum transfer 
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limit has become a primary concern at most utilities, especially transmission system 
operators, as inadequate reactive power support was a major factor in most of the blackouts. 
Hence, additional countermeasures should be required to reduce the risk of the voltage 
collapse. 
 
 
 
Fig. 1.1.  P-V Curve and Loading Margin with Reactive Power Support 
 
On the other hand, the penetration of distributed generators (DGs), in particular, 
renewable energy sources (RES) such as photovoltaic (PV) and wind power, is greatly 
increasing and growing in recent power systems. The renewable energy integration causes 
various issues because of their uncertain output fluctuation, for example, frequency 
regulation, loop power flow, voltage fluctuation and so on. However, DGs can also contribute 
to stabilizing power system operation and control by using their active and reactive power 
controllability. For example, the effectiveness of PV control on voltage profile or power loss 
has been studied in (10) and (11). Also, in (12), with DG employment in the power network, 
optimal reactive power control has been presented by using centralized voltage control 
scheme while keeping a thermal limit of system branches. In (13), an attempt to optimally 
utilize reactive power control of DG is investigated to satisfy a number of requirement i.e. 
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allowable voltage regulation and capacity of DG. Similarly, it is expected that reactive power 
control from a lot of PVs can improve the voltage stability issue(14). Hence, the main purpose 
of this study is to develop a new control scheme for LM maximization by using reactive 
power control of PV plants. 
 
There are two ways to control DGs: centralized and decentralized methods. For 
example, in (15)(16)(17), centralized operation methods were proposed by solving network 
optimal power flow with regard to minimizing line and inverter losses. Meanwhile, in 
decentralized approach(18), control action of each DG was determined by local information 
with less communication apparently. In general, a centralized method is superior in 
optimizing objective function more strictly while decentralized method has better control 
speed with light computation burden(19). The proposed method in this paper is mainly based 
on the centralized approach. Because the optimization problem often becomes complex 
formulation with large scale, various calculation techniques such as linear programming(20), 
gradient method, interior point method(21) and computational intelligence algorithms(22) have 
been applied in the field of the power system in order to obtain the solution more efficiently.  
 
There are various past studies related to LM management or voltage stability issues. 
For example, in (23) -(26), the improvement of maximization of LM was discussed even 
though without any deployment of DGs which could bring more complexity as well. In (23), 
(24), and (25), various control method for LM improvement was developed with the presence 
of static var compensator (SVC), online line switching, and other reactive power sources. In 
(26) and (27) a UPFC and STATCOM have been determined for its best positioned and 
setting and by applying multi-objective formulation in which to minimize investment cost, 
transient voltage and proximity to voltage collapse. In addition, the control scheme consisting 
of preventive and corrective controls with load curtailment was proposed in (24). Also, LM 
was considered in economic load dispatch mechanism in (28). 
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On the other hand, there are many papers about estimation or evaluation methods of 
LM. In (29), a hybrid mechanism of genetic algorithm with neural network approaches was 
incorporated together in order to have the best accuracy, the speed of calculation and 
operational wise on LM estimation. Meanwhile, in (30), maximum loading point was 
determined purely with having bisection searches between feasible and infeasible load flow 
cases. In addition, the application of phasor measurement unit (PMU), a new optimal power 
flow (OPF) considering stability index about voltage collapse, and a new stochastic 
calculation method of LM were developed in (31), (32), and (33), respectively. In these 
papers, however, the existence of DGs had not been considered yet. 
 
Thus, in a bigger picture relating to LM insights, after all, it is straightly connected to 
the voltage stability reinforcement from every angle of perspective for example attachment 
of variation of compensation devices, reactive power controllability, active power reduction, 
and even the introduction of distribution generators. Many ways of contemplating for voltage 
stabilisation mechanism so manifestly each approach would be detrimental from one to 
another if the controllability and reliability between them and the grid system are not content 
and well-maintained. In (34) and (35) only discussed loading margin improvement using a 
continuation method and fast algorithm with real power losses reduction to tracing stability 
margin. The comparison has been made with optimal power flow and shows better 
performance in term of voltage stability. Commonly for ensuring voltage stability is not 
vulnerable the online monitoring generally proposed (36) under normal condition and also 
contingencies with applying various kind of numerical method i.e. ANN. For example, in 
(37), a mechanism of strategic online line switching is applied to yields high-quality solutions 
while screening, ranking and identifying the power system. Operation. Basically, this 
proposed approach trying to offer opts for TSO to ensure load margins would be enhanced 
with technically pre-evaluation of look-ahead power stability. Sometimes reliability of 
metaheuristic approach can be vigorous or susceptible in governing dynamic phenomenon of 
voltage stability thus as in (38) two optimization been deployed in steps for finding an 
optimal location for Thyristor Controlled Series Compensator (TCSC) with Improved Search 
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Gravitational Algorithm (IGSA) and improve voltage stability and cost sizing via Firefly 
Algorithm (FA) respectively. In the end, all the results being compared to seek whichever 
could yield better performance without contemplating overloading margin issues. Hence, 
dependency towards conventional generators must not take lightly because with effective 
coordination of thermal generators they could possibly synergize their outputs to improve 
short-term voltage stability. Moreover, the reactive power can be controlled at the high-side 
which consist of multimachine Var coordinator and voltage controllers to intensifying 
voltage support and load margin (39). 
 
At glance, it is noticeable that participation of renewable energy resources seems 
limited when discussion of loading margin towards voltage stability is brought up in in 
previous academic investigation. However, yet some discussions have been done to uptake 
with the potentiality of these free natural energy in extracting active power whilst adopting 
optimization tools (40). In (41) although there is a deployment of stochastic of wind power for 
voltage control correction but economic cost control must be also embedded along with 
demand response participation. Specifically, the optimization is more to reduce the operation 
control cost such a way to achieve desirable loading margin without considering reactive 
power control reinforcement. As in (42) a simplified probabilistic voltage stability using two-
point estimation and continuous power flow (CPF) for voltage stability was evaluated. In this 
investigation, both solar and wind power have been a model for determining the voltage 
stability acquisition. The deeper investigation should be applied for the uncertainty analysis 
of renewable energy to guarantee system reliability. Hence kind of voltage stability index 
with considering typical load models should be appointed eventually with can be applicable 
for any kinds of topology i.e. grid connected or islanded mode. In (43) combination aimed at 
enhancing power loss minimization and system frequency deviation have been considered 
thoroughly with the unstable wind power penetration. 
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1.2 Problem Statement 
 
Presently, there are less number of papers in which the existence of DGs is considered 
in LM issues. In (44), voltage stability assessment was focused considering wind power 
plants by using V-Q sensitivity. Also, in (45), LM assessment method was proposed 
considering renewable energy sources based on neuro-fuzzy logic. However, the contribution 
of DGs to LM maximisation has not been developed yet in these papers. Therefore, a 
comprehensive study needs to be investigated the impact of DGs especially solar PV on 
loading margin assessment. In addition, although there is numerous strategy to properly 
allocated DGs in the network for instance via heuristic method but likely active power 
curtailment is not treated as a constraint in previous papers problem formulation too. 
 
 Hence, in this paper, we focused on an optimal control method of PV plants in terms 
of normal and contingency conditions without using any modern reactive power control 
equipment as mentioned previously. Here, the main purpose of the optimization is to 
maximize LM maximization under contingency condition. The operating points of PV plants 
are determined using Particle Swarm Optimization (PSO) with considering trade-off 
relationship between active and reactive power control under current limit of Power 
Conditioning Subsystem (PCS) of PV plants. Although the proposed method is based on the 
centralized method, its robustness against fault point is verified in order to use the optimal 
solution which was obtained in advance right after the fault occurs as a decentralized 
approach. 
 
1.3 Research Objectives and Scope of Study 
 
The main objectives of this research are to evaluate and validate the impact of PV 
plants on voltage stability and develop a kind of strategy to dispatch reactive power control 
regarding active power curtailment considering apparent load demand. In all, the targeted 
aims of this investigation are explained as follows: 
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i. LM maximization is realized by optimization technique where active and reactive 
power control of PV plants are treated as deterministic variables. 
 
ii. Reactive power control of PV plant is in general effective to improve LM. 
However, there is a possibility that LM deteriorates by excess reactive power 
supply inversely if active power curtailment is required due to the limitation of 
power conditioning subsystem (PCS) capacity because the apparent demand of 
load buses might be increased by the curtailment. This trade-off relationship is 
carefully treated in this paper with considering both active and reactive power 
control of PCS. 
 
In addition, the optimal operating point is derived not only from contingency 
condition but also normal condition. By comparing these solutions, the importance of 
changing operating point in contingency condition will be shown. 
 
At the early stage in this research load margin estimation with using CPF and 
Artificial Neural Network (ANN) were endeavoured to assist with brisk power system 
operation alongside contingency scenarios. Generally, this is very useful as for planning 
phase but to further benefit in voltage stability vicinity, not only preventive plan should be 
deployed but the corrective plan must be inserted too. In spite, however of ANN splendid 
preventive approach, yet another strategic corrective procedure is necessarily required to 
verify solar PV plants performance whilst being integrated into the utility system. 
     
Thus, in the second part which is the core of the investigation was discussed, the solar 
PV plants are deployed into Malaysia Electric Power System (MEPS) for LM enhancement. 
Ever since wind power capacity is not so prominent and reliable up to the date of the country 
it is disregard completely indeed. Three locations have been finalized through optimization 
to set their optimal location with 7 generators on 17 bus system. All the performances are 
carried out and validated using PSO and CPF techniques via MATLAB environment. 
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1.5 Thesis Organisation 
 
This thesis is organized into six chapters. The next following five chapters of this 
thesis are arranged as follows: 
 
Generally,  in Chapter 2 introduction to Distributed Generators are described. The 
effect of DG contribution on power system namely voltage stability is highlighted with a 
sample of the case study. The capacity and sizing of DG deployed to the grid is also 
presented. A glance of DG provision and application in Malaysia power system is discussed 
in this chapter too. 
 
Chapter 3 presents the use of intelligence system namely artificial neural network 
(ANN) with CPF to estimate the load margin for real online system. All the inputs of the 
generations, demands and solar power for Malaysia power system were embedded together 
and being modelled using the MATLAB program. Simulations were carried out by supposing 
this attempt would delineate and set forth manifestations of a subsequent decision by the 
system operator in adhering system stability literally.     
 
Chapter 4 expounds the application of optimization method for determining the 
optimal placement and amount of active and reactive power of PCS capacity with regard to 
load margin improvement in normal and contingency events. Here, a multiobjective 
formulation is dedicated to solving the integration problems for minimizing system loss, 
voltage deviation, and active power curtailment respectively. Furthermore, a comparison 
using single objective with multi-objective optimization were presented to elucidate and 
perceive execution of the parameters involved in the investigation.  
 
Chapter 5 discussed the overall results in conjunction with load margin enhancement 
yielded from proper DGs enforcement towards achieving voltage stabilization especially 
during disturbances. Lastly, in Chapter 6 it concludes the significant contribution of this study 
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and further suggest kind of future work which can be incorporated so as to intensify existing 
achievement. 
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CHAPTER 2 
 
 
DISTRIBUTED GENERATOR 
 
2.1       Introduction to Distributed Generation (DG) 
 
The increase in oil and natural gas price were inevitable over the past few years has 
encouraged many engineers, economists, and researchers to look for other energy resources. 
Distributed generation is a flexible technology that considerably not a new concept but 
currently receiving decent attention as power industry’s stakeholders begin to take a big turn 
in their business practices by investing enormous money and effort to meet with trending 
electric energy business eventually. Wind energy and solar energy have recently being 
introduced in a large scale composition into the power network. One of the important factors 
of these alternative energies is to sustain its penetration level and reliability. Currently, our 
view still has a prioritization focus onto security at the first place with affordability following 
close behind making sustainability at the third but this ordinary mind setting going to be 
changed not gradually but seems swiftly. Over these past few years, considerable researches 
and development works have been devoted to the ancillary equipment and also related 
accessibility factors. 
 
Specifically, promoting of solar energy utilization for enhancing power system 
transmission has become a fad in many countries either in economic or security approached. 
This was intensified by a mechanism so-called feed-in-tariff (FiT) to facilitate the growth of 
the green technology industry and enhance its contribution towards economic development. 
Globally, the PV solar cost is still very high compared to thermal and wind power however 
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with new upcoming modification of new materials, manufacturing process and the 
improvement of system converting efficiency, the cost of PV generations going to decrease 
steadily. The substantial pace of PV growth can be seen recently in Asian countries especially 
China and Japan which elucidate their target to achieve around 270 GW and 53 GW 
respectively by 2030. However, meticulous action needs to be refined if large penetration of 
solar PV will be available in near future because once the penetration number of solar PV 
plant goes any higher, adversely affected voltage profile becoming unpredictable and 
unstable. In addition, as certain to happen reverse power flows in the system will worsen the 
situation if brisk and decent curtailment is not realized. Commonly, voltage stability issue is 
the biggest threat in a power system distribution and transmission whereby it can be 
categorized into 3 aspects which are a voltage drop, voltage swell, transient, and 
interruptions; with estimated percentage number or 60%, 29%, 8% and 3% respectively (46). 
When the challenges of DG interconnection into the grid is completely ready e.g. stability, 
the existing power system can now be retrofitted with sort of power electronic devices to 
meet the new performance specifications in the system such as the converters. The direct 
current (DC) of DGs must be changed to alternating current (AC) enabling them for 
supplying and injecting the power into the main utility grid. Namely, there are two kinds of 
DG which are inverter-based DG e.g. PV and WT and non-inverter based DG e.g. mini hydro 
power being connected to the system grid worldwide. 
 
2.1.1   Inverter and Non-Inverter Based of DG  
 
Typically an inverter converts DC voltage and current into AC voltage and current 
by using power electronics equipment. This inverter will automatically synchronize grid 
voltage and frequency and likewise can be used for power factor correction hence providing 
substantial flexibility compared to non-inverter systems. Basically, for non-inverter 
technology, the speed of the engine is required to force a synchronous generator or induction 
generator to deliver desired AC power frequency. In fact, mostly this non-inverter DG depend 
on supplied fuel to allow then operated efficiently which is completely not required as in 
